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ABSTRACT: In this study, we applied a new IR laser-beam-focusing technique to enable sub-100 µm spatial resolution in laser 
ablation atmospheric pressure photoionization (LAAPPI) and laser ablation electrospray ionization (LAESI) mass spectrometry im-
aging (MSI). After optimization of operational parameters, both LAAPPI- and LAESI-MSI with a spatial resolution of 70 µm pro-
duced high quality MS images, which allowed accurate localization of metabolites and lipids in the mouse and rat brain. Negative 
and positive ion LAAPPI- and LAESI-MS detected many of the same metabolites and lipids in the brain. Many compounds were also 
detected either by LAAPPI- or LAESI-MS, indicating that LAAPPI and LAESI are more complementary than alternative methods. 
Mass spectrometry imaging (MSI)1–3 is a molecular imaging 
technology that can be used to study and visualize the spatial 
distributions of compounds in solid samples. MSI is widely 
used for imaging of complex biological samples such as tissue 
sections of different organs4,5 and whole-body animals6,7 or now 
even single cells.8 Modern high-resolution mass spectrometry 
(MS) allows simultaneous imaging of thousands of compounds, 
varying from small molecules such as drugs and metabolites to 
large biomolecules such as peptides and intact proteins. 
The current commercial state-of-the-art MSI instruments typ-
ically incorporate matrix-assisted laser desorption/ionization 
(MALDI)9 and vacuum sampling by ultraviolet (UV) laser, 
which enable imaging of the aforementioned compound clas-
ses.10,11 However, vacuum sampling requires the samples to be 
dehydrated, UV photons can desorb material only from a sam-
ple surface,12 and regular MALDI can produce relatively low 
ion yields for many compound classes.13 Such limitations can 
be partly overcome with different MALDI variants, such as at-
mospheric pressure infrared (IR)-MALDI,14 which provides ef-
ficient sampling without sample dehydration. The ion yields of 
the desorbed compounds can also be improved by using laser-
induced post-ionization (MALDI-2).15 However, all MALDI 
variants require samples to be coated with a chemical matrix 
and many additional sample treatment steps or protocols are 
typically recommended depending on the aim of analysis.12,16,17 
In contrast, MSI-feasible, ambient, and matrix-free MS tech-
niques,18 such as desorption electrospray ionization (DESI),19 
can be applied for imaging of tissue sections without any further 
sample preparation. This reduces the chemical background in 
mass spectra and minimizes the degradation and migration of 
analytes in samples, which make ambient MSI a simple and 
straightforward method for tissue imaging. DESI-MS has be-
come the most popular ambient MSI technique due to its sim-
plicity, affordability, and capability for high throughput analy-
sis. However, low repeatability and undesired adduct formation 
make DESI a challenging technique in measurements that re-
quire long-time stability, such as MSI.20 
Laser ablation atmospheric pressure photoionization 
(LAAPPI)21 and electrospray ionization (LAESI)22 couple the 
benefits of IR laser-ablation sampling and ambient MS. 
LAAPPI- and LAESI-MS allow matrix-free MSI measure-
ments23,24 as the IR laser energy is absorbed by the sample wa-
ter. The emitted IR photons can penetrate deeper into the tissue 
than UV photons,25,26 resulting in improved sensitivity as a 
larger amount of material is sampled for post-ionization with 
APPI27 or ESI.28 Furthermore, IR laser enables sampling of 
compounds that reside at deeper parts of the sample. This is a 
major advantage, for example, in the MSI analysis of samples 
such as plant leaves, which cannot be sectioned or otherwise 
prepared. Moreover, APPI provides good ionization efficiency 
for nonpolar neutral compounds that may be poorly ionized by 
electrospray ionization. However, LAESI is suitable for the 
analysis of small and large biomolecules, whereas LAAPPI is 
suitable only for smaller molecules such as metabolites and li-
pids. Utilization of both techniques could therefore provide 
complementary biological information. 
IR laser-ablation MSI, which includes LAAPPI, LAESI, and 
infrared matrix-assisted laser desorption electrospray ionization 
(IR-MALDESI)29 techniques, has mainly been limited to a spa-
tial resolution of 150–400 µm.22,23,30–33 Commercial UV-
MALDI can typically perform measurements in the range of 5–
100 µm.34,35 Recently, two different OPO IR laser-beam-focus-
 
ing techniques36,37 have been reported that allow IR laser-abla-
tion MSI with even 50-µm spatial resolution. Thus far, LAAPPI 
has been demonstrated in MSI of mouse brain,36 whole sage 
leaves,23 and birch bark38 with 60-µm, 400-µm, and 400-µm 
spatial resolutions, respectively. On the other hand, LAESI has 
been widely used in MSI, such as in the analysis of whole rat 
brain,30 bacterial colonies,31 and A. squarrosa leaves.26 How-
ever, these studies have used spatial resolutions significantly 
higher than 100 µm. Although LAAPPI has been demonstrated 
once with a spatial resolution of 60 µm,36 the robustness of the 
method in long-term sub 100-µm spatial resolution MSI meas-
urements of whole organ sections has not been shown. Further-
more, LAAPPI- and LAESI-MSI brain studies have only re-
ported distributions of positive ions, and images in the negative 
ion mode have not been published. 
Here, we present a comparison of 70-µm spatial resolution 
LAAPPI- and LAESI-MSI for mouse brain tissue analysis in 
positive and negative ion modes. The effects of the main oper-
ation parameters of both methods are described and the overall 
feasibilities of the techniques are compared in MSI of mouse 
brain tissue sections. Furthermore, the stability of the optimized 
LAAPPI-MS for imaging of larger sample areas is tested with 
a measurement of a whole rat brain section. 
MATERIALS AND METHODS 
Solvents. The following three spray solvents were tested in 
LAAPPI: acetone (CHROMASOLV, Honeywell Riedel-de 
Haën, Seelze, Germany), toluene (CHROMASOLV Plus, 
Sigma-Aldrich, Steinheim, Germany), and chlorobenzene 
(HPLC 99.9%, Sigma-Aldrich). The spray solution in LAESI 
was an 8:1 mixture of methanol (CHROMASOLV, Honeywell 
Riedel-de Haën, Seelze, Germany) and Milli-Q water (Merck 
Millipore, Molsheim, France) with 0.1% formic acid 
(EMSURE 98–100%, Merck, Darmstadt, Germany). The spray 
solvents were pumped using an Agilent 1100 capillary LC 
pump (Waldbronn, Germany). 
Animals and Tissue Samples. All experiments were con-
ducted following the 3R principles of the EU directive 
2010/63/EU governing the care and use of experimental ani-
mals and were approved by the County Administrative Board 
of Southern Finland (license number 
ESAVI/12046/04.10.07/2017). The protocols were authorized 
by the national Animal Experiment Board of Finland. Two-
month-old mice from a mixed genetic background 
(129Ola/ICR/C57bl6) were killed by decapitation. Their brains 
were removed and flash frozen by submersion into iso-pentane 
in a beaker cooled with dry ice. Afterwards, 20-, 40- and 60-μm 
thick coronal striatal sections were cut with a cryomicrotome 
(Leica CM 3050; Leica Microsystems Nussloch GmbH, 
Nussloch, Germany) operating at -10 °C. Several brain sections 
with different thicknesses were cut to investigate the effect of 
tissue thickness on acquired signal levels. All sections were col-
lected and thaw-mounted onto normal microscope glass slides 
and stored at -80 °C before analysis. 
Imaging Setup and Ion Sources. The full descriptions of the 
developed imaging setup and in-house built LAAPPI and 
LAESI sources are presented in the Supporting Information. 
Briefly, the imaging setup was built within a removable module 
to have a semi-closed space to control the relative humidity of 
the sample region with dry nitrogen flow. The temperature of 
the sample holder surface was kept below -20 °C to decrease 
the rate of dehydration and enzymatic and chemical reactions, 
such as oxidation in tissue. OPOTEK IR Opolette HE 2940 
(Carlsbad, CA, USA) laser was used with a simple mirror setup 
described previously.36 The mirror setup permitted setting of a 
specific sampling spot diameter (20–200 µm) solely by chang-
ing the beam travel distance before the focusing lens. Here, spot 
diameter of approximately 65 µm was selected due to its suita-
ble accuracy for showing the structural details of rodent brain 
in a reasonable measurement timeframe. 
The LAAPPI source (Figure 1) consisted of a heated stain-
less-steel (SS) pneumatic sprayer to produce a hot vapor jet and 
a krypton discharge vacuum ultraviolet (VUV) lamp (PKR 100; 
Heraeus Noblelight, Cambridge, UK) to emit 10.0 and 10.6eV 
photons for photoionization, whereas the LAESI source was 
based on a 100 µm I.D. SS electrospray needle (MT320-100-5-
5; New Objective, MA, US) and an in-house built high voltage 
power supply to apply a voltage of (+/–) 2.1–2.3 kV for produc-
ing a steady cone-jet mode of electrospray. The mass spectrom-
eter inlet glass capillary was equipped with a heated 24 mm 
long SS extension capillary. Capillary temperatures of 370 °C 
and 200 °C were used for LAAPPI and LAESI-MS, respec-
tively. 
Figure 1. LAAPPI- and LAESI-MS setups. In LAESI-MS, the 
heated pneumatic sprayer is replaced with an ES emitter (top-left 
inset) and the VUV lamp is turned off. 
Data Acquisition and Processing. The mass spectra were 
acquired using a Bruker micrOTOF focus mass spectrometer 
(Bremen, Germany) with a mass range of m/z 50–1200 and data 
acquisition frequency of 5 Hz. The instrument achieved a mass 
resolution of 9000–10000 at m/z 200–300. The drying gas flow 
around the MS inlet was turned off and the capillary exit and 
skimmers 1 and 2 voltages were set to (+/-) 116.7 V, 38.9 V, 
and 28.9 V, respectively. Hexapole RF of 60 Vpp was used for 
screening the entire m/z range and 300–600 Vpp for more fo-
cused analysis in the mass range m/z 500–1200. The IR laser 
output energy, repetition rate, and number of pulses for each 
sample spot were 6 mJ, 20 Hz, and 20, respectively.  
All imaging measurements were automatically run by an in-
house developed MATLAB-based program (2018a; The Math-
Works Inc., Natick, Massachusetts, US) that controlled e.g., the 
raster scanning of the selected sample area(s), the triggering of 
the IR laser, and the temperature of the sample holder relative 
to the relative humidity around the analysis region. The spot-to-
spot analysis dwell times varied between 2.5–3 s and 4–6 s in 
LAAPPI- and LAESI-MSI measurements, respectively. How-
ever, the typical signal durations in LAAPPI-MSI varied be-
tween 0.6–1.2 s and the set dwell time is the shortest feasible 
with the current software. On the other hand, the variations in 
the LAESI-MSI dwell times were caused by minor changes in 
 
the setup, typically in the emitter position, or by the used spray 
solvent flow rate, which directly affected the signal durations. 
The parameters affecting the signal durations are discussed in 
more detail in the optimization section and in the Supporting 
Information. The current setup allows imaging with a rate of 
~1200 pixels/h by LAAPPI-MS (or ~3000 pixels/h after soft-
ware optimization, see the Supporting Information), whereas 
the rate of LAESI-MSI was typically only half of the rate of 
LAAPPI-MSI. 
After analysis, the acquired data was automatically processed 
to pixel files that contained sum spectra generated from each 
measurement spot. The pixel files and ion images were created 
with a Python-based command-line tool. A free open-source 
MATLAB-based MSiReader39 program was used for studying 
the MSI datasets. Level 5 identification40 of detected com-
pounds was performed by searching accurate masses against 
public online HMDB41 and LIPID MAPS42 databases as unam-
biguous structural characterization was not possible with TOF-
MS. Only the major mass peaks detected by each technique are 
compared and matched with the major brain species reported in 
the literature. 
RESULTS AND DISCUSSION 
Optimization of LAAPPI- and LAESI-MS for Brain Tis-
sue Analysis. The effects of ablation and ionization parameters 
were investigated to achieve maximum sensitivity and stability 
in MSI of the mouse brain using LAAPPI- and LAESI-MS. 
These parameters were: 1) positioning of the sprayer tip, the 
sampling spot, and the extension capillary in relation to each 
other; 2) the spray solvent, its flow rate, and the pressure and 
temperature of the nebulizer gas (nitrogen); and 3) the thickness 
and temperature of the sample and its state prior to analysis. All 
optimized ion source settings are summarized in Table 1 and 
the optimization results are presented in detail in the Supporting 
Information. 
Briefly, the position of the sprayer tip in relation to the abla-
tion plume, and the temperature of the sample were the param-
eters that most affected the stability in MSI. At close proximity 
to the ablation plume, the used ES emitter was prone to carry-
over due to the adsorption of tissue residues on the emitter sur-
face, whereas the heated nebulizer used in LAAPPI-MS did not 
suffer from memory effects regardless of its position. The 
carry-over with the ES emitter can be avoided by using longer 
emitter-plume distances, although this will reduce the sensitiv-
ity. Spot-to-spot sampling repeatability of frozen tissue was ob-
served to be better than that of tissue at room temperature. This 
may be because the IR laser ablated frozen tissue produced (vis-
ually observed) finer plume than the non-frozen tissue. Sam-
pling of frozen tissue required the relative humidity within the 
imaging module to be set to a specific value (Table 1) to avoid 
either condensation of water on tissue or dehydration of tissue 
during MSI measurements.  
Positive and Negative Ion LAAPPI and LAESI Mass 
Spectra of Mouse Brain. Typical positive and negative ion 
LAAPPI- and LAESI-MS mass spectra acquired from the white 
matter region of mouse brain are presented in Figure 2, whereas 
their respective background spectra are presented in the Sup-
porting Information (Figure S6). All proposed metabolites and 
lipids, mass errors, and abundances of the main ions are pre-
sented in Table S1. Many of the metabolites detected by posi-
tive ion LAESI-MS were also detected by LAAPPI-MS. How-
ever, positive ion LAAPPI mass spectra showed significantly 
more ions than LAESI, which is partly due to the stronger frag-
mentation of metabolites and lipids by APPI. Many of the frag-
ments in the positive ion LAAPPI spectra, especially in the 
Table 1. Optimal LAAPPI and LAESI Ion Source Parame-
ters for MSI of Mouse Brain Tissue Sections. 
Parameter LAAPPI LAESI 
Spot-inlet distance (x1) 4–6 mm 4–6 mm 
Spot-sprayer distance (x2) ~1 mm ~1 mm 
Sample-inlet axis distance (z1) 6–8 mm 6–8 mm 
Spray temperature 350–450 °C Ambient 
Nebulizer gas pressure 0.4–0.8 MPa - 
Solvent flow rate 1–5 µL min-1 3 µL min-1 
Sample thickness 40 µm 20 µm 
Relative humidity in module / 
sample holder temperature 
6–7 % / 
-22 °C 
3–4 % / 
-22 °C 
 
mass range of m/z 500–700, are suggested to result from frag-
mentation of phospholipids and sphingolipids. Below m/z 500, 
the majority of mass peaks detected by LAAPPI-MS are un-
likely to be fragments, as peaks with similar accurate masses 
are also observed in LAESI-MS spectra. Both techniques also 
detected many lipids in the mass range of m/z 700–1000, but 
with different peak patterns. In contrast to positive ion mode, 
negative ion spectra of LAESI and LAAPPI at the mass range 
below m/z 500 show many different ions. 
Both positive ion LAAPPI- and LAESI-MS below m/z 500 
can detect abundant metabolites of mouse brain, including γ-
aminobutyric acid (GABA, m/z 104.07), creatine (m/z 132.07), 
aspartic acid (m/z 134.04), spermidine (m/z 146.17), glutamine 
(m/z 147.08), glutamic acid (m/z 148.06), N-acetylaspartic acid 
(m/z 176.06), and cholesterol (m/z 369.35), with significantly 
different sensitivities between methods (Table S1). LAESI-MS 
is also suggested to detect GABA (m/z 104.07) and choline (m/z 
104.11) as separated mass peaks (Figure S7) and taurine and 
glutathione at m/z 126.02 and 308.09, respectively. In addition, 
phosphate-containing compounds such as adenosine mono-
phosphate (m/z 348.07) and several phospholipid fragment ions, 
including phosphoethanolamine (m/z 142.03), were only de-
tected with LAESI-MS. Several fragment ions in the mass 
ranges of m/z 100–350 and m/z 500–700 were detected by 
LAAPPI-MS due to its more energetic ionization process com-
pared to LAESI. Many of the metabolites and lipids were also 
detected as their [M+H–H2O]
+ fragments in LAAPPI-MS, such 
as: N-acetylaspartic acid (m/z 176.06); glutamic acid (m/z 
148.06); threonine (m/z 120.07); creatine (m/z 132.08); and 
monoacylglycerides (MG), including MG(16:0) (m/z 313.27), 
MG(18:1) (m/z 339.29), and MG(18:0) (m/z 341.30). LAAPPI 
produced several intense fragments in the mass range of m/z 
500–700, such as ceramide Cer(d36:1) at m/z 548.54 and di-
glyceride DG(36:1) at m/z 605.55, which are most likely formed 
by fragmentation of sphingolipid and phospholipid head groups 
together with one water molecule. 
LAESI and LAAPPI mass spectra in the mass range of m/z 
700–1000 showed several significantly different lipid patterns 
between methods. The lipid classes detected by either or both 
methods in positive or negative ion mode are summarized be-
low (Figure 3). In positive ion mode, phosphatidylcholines (PC) 
and sphingomyelins (SM) were detected only by LAESI-MS, 
phosphatidylethanolamines (PE) by both techniques, and galac-
tosylceramides (GalCer) were detected only with LAAPPI-MS 
(Table S1). PCs are efficiently ionized by ESI and their proto-
nated molecules, such as PC(32:0) (m/z 734.57) and PC(34:1) 
(m/z 760.59), were detected with high abundance. LAESI
 
Figure 2. Background subtracted positive and negative ion LAAPPI- and LAESI-MS mass spectra (a–d) acquired from white matter region 
of mouse brain. Figures (a), (b), and (d) consist of two measurements that are separated with a dashed line.
spectra showed some relatively weak ions at odd-numbered 
m/z values that match with protonated sphingomyelin (SM) spe-
cies, such as SM(d36:2) at m/z 729.59 and SM(d36:1) at m/z 
731.61. Several PEs were detected with both techniques, but the 
relative abundances with LAAPPI-MS are typically higher than 
with LAESI-MS. For example, PE(34:0), PE(38:6), and 
PE(40:7) were detected with both techniques as protonated 
molecules at m/z 720.55, 764.52, and 790.54, respectively. 
Many of the PE lipids have the closest accurate mass database 
matches with ethanolamine plasmalogens (PEP), a subclass of 
PE that accounts for at least one half of all PE lipids in whole 
brain43 and about 85% in myelin.44 For example, the intense 
ions in LAAPPI mass spectra at m/z 702.54, 728.56, and 730.58 
match with PE(P-34:1), PE(P-36:2), and PE(P-36:1), respec-
tively, which are also among the major PEP species of the 
brain.45 GalCer were detected with high relative abundance 
with LAAPPI-MS but not with LAESI-MS. The white matter 
regions of the brain contain a large number of glycolipids in its 
myelin sheet, which comprise about 30% of its lipid mass.46 
Glycolipids of the brain also contain either a non-hydroxy or 2-
hydroxy fatty acid of which the α-hydroxylated species consti-
tute approximately 60% of all GalCer in the mature rat 
brain.47,48 Mass peaks matching with GalCer with both fatty 
acid species were detected by positive ion LAAPPI-MS as ei-
ther protonated molecules or [M+H–H2O]
+ fragment ions based 
on the accurate masses. The detection of GalCer species is sup-
ported by the large number of simultaneously observed 
ceramide fragments, such as Cer(d42:2), detected as 
[Cer(d42:2)+H–H2O]
+ at m/z 630.62, and Cer(d42:1(OH)), de-
tected as [Cer(d42:1(OH))+H]+ at m/z 666.64. 
At the mass range below m/z 500, both negative ion LAESI 
and LAAPPI mass spectra (Table S1) showed alanine (m/z 
88.04), lactic acid (m/z 89.02), GABA (m/z 102.06), serine (m/z 
104.04), threonine (m/z 118.05), creatine (m/z 130.06), aspartic 
acid (m/z 132.03), glutamine (m/z 145.06), glutamic acid (m/z 
146.04), N-acetyl-L-aspartic acid (m/z 174.04), and hexose (m/z 
179.06) as deprotonated molecules. In addition, LAESI-MS de-
tected phosphate (m/z 96.97), taurine (m/z 124.01), malic acid 
(m/z 133.01), histidine (m/z 154.06), ascorbic acid (m/z 175.03), 
glutathione (m/z 306.08), and adenosine monophosphate (m/z 
346.06) as deprotonated molecules. Both techniques also de-
tected several lipid fragments at low mass range. While LAESI 
spectra contained mass peaks that match with deprotonated 
phospholipid head groups, such as phosphorylethanolamine at 
m/z 140.02, LAAPPI spectra showed deprotonated fatty acids 
such as stearic (18:0) (m/z 283.26) and arachidonic (24:4) (m/z 
303.23) acid. LAAPPI spectra at the mass range m/z 500–700 
also showed that glycolipid fragments formed from α-hydrox-
ylated or non-hydroxylated GalCer species, such as 
Cer(d40:1(OH)) at m/z 636.59 and Cer(d42:2) at m/z 646.61. 
Figure 3. Lipid classes detected by positive (+) and negative (–) 
ion LAAPPI- and LAESI-MS. (GalCer = galactosylceramide, Cer 
= ceramide, Chol = cholesterol, PE = phosphatidylethanolamine, 
PC = phosphatidylcholine, SM = sphingomyelin, ST = sulfatide, 
PS = phosphatidylserine, PI = phosphatidylinositol). 
At the mass range of m/z 700–1000, negative ion LAAPPI 
and LAESI spectra (Table S1) included many of the same mass 
 
peaks of PE plasmalogen and diacyl species, such as deproto-
nated PE(P-36:2) at m/z 726.55 and PE(40:6) at m/z 790.55. 
Both techniques also detected many GalCer species from white 
matter as chlorinated adducts, but only LAAPPI-MS detected 
GalCer species as deprotonated molecules. Deprotonated 
GalCer peaks in LAAPPI-MS spectra were, however, one or 
two orders of magnitude higher than the adduct signals ob-
served with LAESI-MS. Phosphatidylserine (PS) and phospha-
tidylinositol (PI) species including deprotonated PS(40:6) at 
m/z 834.53 and deprotonated PI(38:4) at m/z 885.55 were de-
tected only with LAESI-MS. The detection of these species 
were expected as in the brain about 51% of the total PS content 
consists of PS(40:6) and about 60% of the total PI content con-
sists of PI(38:4) species.45 LAESI-MS also showed few abun-
dant sulfated GalCer species (i.e. sulfatides, ST) such as depro-
tonated ST(24:1) at m/z 888.62. 
When comparing our experiments in both ion modes, we con-
clude that PE and GalCer species can be detected with positive 
and negative ion modes; PS, PI, and ST species only in negative 
ion mode; and PC and SM species only in positive ion mode. In 
principle, all zwitterionic (such as PC, PE, and SM) or neutral 
phospholipids (such as GalCer) can be ionized in both positive 
and negative ion modes, but those including a quaternary am-
monium group are ionized significantly more efficiently in pos-
itive ion mode than in negative ion mode. Anionic phospholip-
ids, such as PI and ST, are ionized more efficiently in negative 
ion mode.49 These results are consistent with the findings of ear-
lier lipidomics studies with ESI-45,50,51 and APPI-MS.52  
Mass Spectrometry Imaging of Rodent Brain. LAAPPI 
and LAESI MS imaging (MSI) utilized a recently introduced 
OPO IR laser beam focusing method that allows an approxi-
mate 10-fold decrease to the typical 200–400 µm resolution 
achieved thus far in IR laser-ablation-based MSI.36 Here, spatial 
resolution below 100 µm (70 µm) was applied for the first time 
in negative ion LAAPPI- and LAESI-MS imaging and in 
LAAPPI-MS imaging of a whole rat brain tissue section. Alt-
hough better spatial resolution could be achieved, the selected 
70 µm resolution allows a compromise between the speed of 
analysis and the quality of ion images. For example, signifi-
cantly more accurate distributions of adenosine (m/z 268.10) 
and PC(37:6) (m/z 792.55) in Figures 4c and 4g were acquired 
by positive ion LAESI-MS with 70-µm spatial resolution than 
achieved earlier for the same ions using LAESI with 200-µm 
spatial resolution.30 
In addition to spatial resolution, spot-to-spot repeatability af-
fects the quality of ion images. Good spot-to-spot repeatability 
is indicated by the total ion current (TIC) traces and by the se-
lected ion traces of m/z 148.06 (glutamic acid, GA) acquired 
from mouse brain tissue sections by positive ion LAAPPI- and 
LAESI-MS (Figure S8). However, LAESI is more prone to 
cause carry-over than LAAPPI, especially with short emitter-
to-plume distances as discussed in detail in the Supporting In-
formation. The effect of carry-over is demonstrated in positive 
and negative ion LAESI images of PE(P-36:2) (Figures 4d and 
4e), especially around the corpus callosum. This problem can 
be minimized either by moving the tip of the ES emitter to a 
longer distance from the ablated plume at the cost of sensitivity 
(Figure 4a, c, e, f, and g) or by increasing the dwell time be-
tween the analyses of spots at the cost of total analysis times. 
As LAAPPI uses a heated nebulizer, no carry-over effect 
caused by contamination of the sprayer is observed, and 
LAAPPI-MS can be used without compromising sensitivity or 
analysis times. 
The distributions of small metabolites and lipids that show a 
specific localization pattern in the measured tissue sections also 
match well with different regions or structures of mouse and rat 
brain (Figures 4 and 5). For example, the LAAPPI-MS image 
of m/z 810.68 in mouse brain (Figure 4h), and m/z 826.68 and 
m/z 754.62 in rat brain (Figure 5) show patterns that match with 
the myelinated parts of the brain (Figure 4i).53 This indicates 
that GalCer(d42:1), GalCer(d42:1(OH)), and GalCer(d38:1), 
respectively, have the highest concentration in the corpus cal-
losum (CC), which is the largest white matter structure in the 
brain. On the other hand, the concentration of PC(37:6) in 
mouse brain (Figure 4g) or PE (34:0) in rat brain (Figure 5) is 
clearly lower in the CC than in the cerebral cortex (CTX) or 
thalamus (TH). Conversely, the concentration of adenosine and 
PE(P-36:4) are higher in the thalamus than in other regions of 
the mouse brain (Figures 4c and 4f). Furthermore, the elevated 
concentration of GABA in the hypothalamus is clearly detected 
in the LAESI image of ion m/z 104.07 (Figure 4a), which is 
consistent with earlier works.30,54,55 These results show that our 
new method36 for improving the spatial resolution can be used 
to determine accurate distributions of metabolites and lipids in 
rodent brain tissue sections by LAAPPI- and LAESI-MS. 
Figure 4. LAAPPI and LAESI MS images of mouse brain (a–h) 
acquired with 70-µm spatial resolution, and an image (i)53 showing 
a myelin-stained mouse brain section. 
In general, the metabolites and lipids, which can be detected 
with LAAPPI- and LAESI-MS, also show similar distributions 
in mouse brain tissue sections (Figures 4a–f). For example, the 
ion images of PE(P-36:2) detected at m/z 728.56 and 726.54 in 
positive and negative ion mode, respectively (Figures 4d and 
4e), and the images of adenosine (m/z 286.10) and PE(P-36:4) 
(m/z 722.52) (Figures 4c and 4f) show similar distributions with 
both techniques. On the other hand, LAAPPI and LAESI pro-
vide complementary data, as some metabolites can be detected 
only with either LAAPPI- or LAESI-MS. For example, GABA 
(m/z 104.07) and PC(37:6) (m/z 792.55) show distinctive distri-
butions only with LAESI-MS (Figures 4a and 4c), whereas 
GalCer(d42:1) (m/z 810.68) shows a clear distribution only with 
LAAPPI-MS (Figure 4h). Many small metabolites and lipids 
were also distributed similarly but without any specific pattern 
across the mouse brain sections. Such a distribution is presented 
 
Figure 5. Negative ion LAAPPI images (a–d) of a 20-µm thick whole rat brain tissue section measured with 70-µm spatial resolution. (CC 
= corpus callosum, SMT = stria medullaris of the thalamus, FH = fimbria of the hippocampus, TH = thalamus, CP = corticofugal pathways, 
OT/OC = optical tract and chiasm, CTX = cerebral cortex, HYP = hypothalamic region, HIP = hippocampal region, CA3 = field of Am-
mon’s horn, DG = dentate gyrus)
with an ion image of creatine (Figure 4b) but also e.g., a phos-
pholipid PC(34:1) detected at m/z 760.59 (not shown) by posi-
tive ion LAESI-MS had a uniform distribution in the measured 
mouse brain sections as shown similarly by Nemes et al.30 
The ability of the LAAPPI-MSI platform was further inves-
tigated for the imaging of a 20-µm thick whole rat brain tissue 
section in negative ion mode. As rat brains are larger than 
mouse brains, different parts of the brain can be more clearly 
visualized as a higher number of pixels can be measured from 
each part. On the other hand, the imaging of a larger area re-
quires long-term stability of the measurement technique, for 
which LAAPPI-MS is well suited as it provides good robust-
ness for the analysis without memory effects. The MS images 
of metabolites and lipids in rat brain that are measured with a 
spatial resolution of 70 µm now consisted of nearly 30000 pix-
els. For example, the distributions of four lipids each highlight-
ing different regions of rat brain are presented in Figure 5. The 
ion image of a α-hydroxylated GalCer(42:1) species (Figure 5a) 
shows that this glycolipid is quite evenly distributed in all white 
matter regions of rat brain, including CC, stria medullaris of the 
thalamus (SMT), fimbria of the hippocampus (FH), and the my-
elinated parts of thalamus (TH). On the other hand, another 
white matter specific glycolipid, a non-hydroxylated 
GalCer(38:1) (Figure 5b), has the highest concentration espe-
cially in the regions of corticofugal pathways (CP) and optical 
tract and chiasm (OT/OC). In contrast to glycolipids, the distri-
bution of a phospholipid PE(34:0) (Figure 5c) shows that this 
species exists more abundantly in gray matter regions of rat 
brain, such as cerebral cortex (CTX) and hippocampus (HIP). 
One of the most interesting discoveries, however, was that the 
spatial resolution of 70 µm was sufficient to distinguish even 
smaller regions of rat brain. For instance, the distribution of a 
PE plasmalogen species PE(P-36:4) (Figure 5d) clearly shows 
the highest concentration at the outer parts of the hippocampal 
region, such as CA3 of Ammon’s horn and dentate gyrus (DG) 
and at the lower parts of the CTX. 
CONCLUSIONS 
The most important advantage of LAAPPI- and LAESI-MSI 
is their ability to image tissue sections with no need for further 
sample treatment steps, such as dehydration or addition of 
chemical matrix, which are required with commercial vacuum 
UV-MALDI-MSI instruments. Optimization of operational pa-
rameters in LAAPPI- and LAESI-MS experiments was shown 
to be necessary to obtain high sensitivity, good spot-to-spot re-
peatability, and robustness of analysis and thus high-quality MS 
images. Many of the same metabolites and lipids were detected 
from mouse brain tissue sections with LAAPPI- and LAESI-
MS in both ion modes, but also a significant number of the com-
pounds were detected by either LAAPPI- or LAESI-MS, in ei-
ther positive or negative ion mode. Both techniques had clear 
advantages in the analysis of brain tissue samples and the tech-
nique and ion mode should be chosen on the basis of the re-
search goal. 
As commonly used OPO IR lasers can be now focused down 
to significantly smaller spots than was previously possible, 
LAAPPI- and LAESI-MS can produce MS images with quality 
that is closer to that of UV-MALDI-MSI. Both LAAPPI- and 
LAESI-MSI allowed accurate localization of metabolites and 
lipids in the mouse and rat brain tissue sections. In many cases, 
the distributions of compounds matched well with different re-
gions of the brain. In addition to positive ion mode, we applied 
LAAPPI- and LAESI-MS for the first time in negative ion 
mode for mouse brain imaging. In addition, the feasibility of 
negative ion LAAPPI-MS was tested with a spatial resolution 
of 70 µm in imaging of a whole rat brain tissue section. 
LAAPPI-MS was shown to be robust during the entire meas-
urement and collection of nearly 30 000 pixels and it produced 
high-quality MS images that enabled detailed localization of 
metabolites and lipids in rat brain. 
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The mass spectrometer was equipped with in-house-built LAAPPI and LAESI sources as described 
below. The sample glass slides were mounted on a sample holder that was attached to a computer 
controllable X-Y-Z translation stage (NRT100/M; Thorlabs, Newton, MA, USA). The sample holder 
consisted of two Peltier elements (TES1-12703; Hebei, Shanghai, China) in parallel configuration, in-
house-built, and water-cooled aluminum heatsink, and PT100 (ETP-RT-4-24-PT100B, Variohm) and 
NTC (B57045-K103-K; EPCOS) temperature sensors that were attached to the holder surface and the 
heatsink, respectively. The Peltier elements were precision-driven with a thermoelectric cooler (TEC) 
controller (TEC-1090-HV; Meerstetter Engineering, Switzerland). The temperature of the holder surface 
was always kept below -20 °C to decrease the rate of dehydration and enzymatic and chemical reactions 
such as oxidation in tissue. 
The tissue sections were photographed from above with a Dino-Lite microscope camera (AM7915MZT, 
AnMo Electronics, New Taipei City, Taiwan) before and after analysis. The camera also captured a live 
video feed of the sample region, which permitted the selection of polygon-shaped areas for MSI 
measurements. The live feed was combined with a coordinate system that was synchronized with the 
sample holder coordinates (x, y) based on the focal point of the laser beam. The coordinate system was 
created using the known coordinates of at least three laser-ablated holes in tissue or any other medium 
as basis. The tissue sections were always fixed (roughly) to the same region of the microscope glass 
slide, which enabled the use of the same coordinate system from sample to sample as the camera was 
kept at the same position with respect to the sample holder. Regardless, the sample area was also selected 
with a small extra margin to ensure that the entire region of interest was always analyzed in case of a 
small offset in the coordinate system. 
The entire imaging setup was built on an aluminum optical breadboard plate (MB6090/M; Thorlabs) 
mounted on a rigid support frame (PFM52501; Thorlabs) and was enclosed with clear acrylic boards 
using aluminum rails as a supporting structure (as XE25C10D; Thorlabs). The mass spectrometer side 
of the enclosure was left open and extra acrylic extension boards were attached to this opening to enable 
the mounting of the entire setup to any mass spectrometer as a removable module. The setup was semi-
closed to control the relative humidity of the sample region with dry nitrogen flow and to prevent 
contamination of the laboratory by the biological samples. The nitrogen environment prevented excess 
condensation of water on the cooled samples and decreased the risk of discharge in negative electrospray 
ionization (ESI). The relative humidity inside the module was measured using a Vaisala HMP231 
transmitter. 
A part of the casing was also required to transmit IR light (2.94 µm) emitted by an OPOTEK IR Opolette 
HE 2940 (Carlsbad, CA, USA) laser that had a maximum repetition rate and output energy of 20 Hz and 
6 mJ, respectively. Thus, a section of the acrylic board on top of the sampling area was replaced with a 
CaF2 window (WG51050-D; Thorlabs) that allowed >90% transmittance of the emitted 2.94-µm IR laser 
wavelength. A rigid mirror holder setup was attached to the window holder frame (VPCH512; Thorlabs) 
on top of the window to reflect the emitted laser beam (approximately) perpendicular to the sample. The 
IR laser beam was guided to this mirror through a simple mirror setup described previously.1 The mirror 
setup permitted setting of a specific sampling spot diameter (20–200 µm) by solely changing the beam 
travel distance prior to the focusing lens (PF10-03-M01; Thorlabs). Here, spot diameter of 
approximately 65 µm was selected due to its suitable accuracy for showing the structural details of rodent 





LAAPPI and LAESI ion sources 
With both ion sources, the mass spectrometer inlet glass capillary was equipped with a 24-mm long 
stainless-steel (SS) extension capillary with an internal diameter (I.D.) of 0.79 mm (1/32”). A resistance 
wire (4.68 Ω/m) with an insulating fiberglass sleeving (FBGS; OMEGA Engineering, Norwalk, CT, 
USA) was twisted tightly around the SS capillary to cover its whole length. The surface of the tip, 
however, was left uncovered to ensure the functionality of the capillary as a counter electrode for 
electrospray. The resistance wire was attached to a computer-controlled power supply (ISO-TECH IPS-
603; Aim & Thurlby Thandar Instruments, Huntington, United Kingdom) to set a suitable capillary 
temperature for assisting the desolvation of ions. Thus, the conventionally used heated nitrogen 
counterflow was not required or used. Capillary temperatures of 370 °C and 200 °C were used for 
LAAPPI and LAESI-MS, respectively. 
The LAAPPI source consisted of a krypton discharge vacuum ultraviolet (VUV) photoionization lamp 
(PKR 100; Heraeus Noblelight, Cambridge, UK) and a SS pneumatic sprayer. The sprayer consisted of 
a Swagelok tee, two SS capillaries of I.D./O.D. 101.6/228.6 and 254/1587.5 µm, a nitrogen gas line, and 
ferrules for connections. The inner SS capillary protruded 0.3–0.5 mm from the outer one. The outer SS 
capillary was heated using a resistance wire, similarly as described above for the extension capillary. 
The spray solvent (acetone, toluene or chlorobenzene) was pumped through the inner SS capillary and 
nebulizer gas (nitrogen) was introduced between the inner and outer SS capillaries. The heated sprayer 
produced a hot vapor jet that was directed towards the ablation plume and the heated extension capillary 
at the mass spectrometer inlet. The jet was produced using several spray solvent flow rates, nitrogen gas 
pressures, and temperatures; 1–5 µL min-1, 0.4–0.8 MPa, and 300–450 °C, respectively, were found to 
be optimal for brain tissue analysis. The VUV lamp emitted 10.0- and 10.6-eV photons and was 
positioned orthogonally to the extension capillary using the closest feasible distance to the plume and 
spray without blocking the IR laser beam. 
The LAESI source consisted of a 100-µm I.D. SS electrospray needle (MT320-100-5-5; New Objective, 
MA, US) and a 101.6-µm SS capillary attached to the opposite end of the PEEK union with a suitable 
FEP sleeve. The latter capillary was connected to a solvent line and to a home-built high voltage power 
supply. The applied voltage of (+/–) 2.1–2.3 kV was selected to produce a steady cone-jet mode of 




Optimization of LAAPPI- and LAESI-MS for brain tissue analysis 
The effects of ablation and ionization parameters were investigated to achieve maximum sensitivity and 
stability in MSI of the mouse brain using LAAPPI- and LAESI-MS. These parameters were 1) 
positioning of the sprayer tip, the sampling spot, and the extension capillary in relation to each other; 2) 
the spray solvent and its flow rate and the pressure and temperature of the nebulizer gas (nitrogen); and 
3) the thickness and temperature of the sample and its state prior to analysis. All optimized ion source 
settings are summarized in Table 1. 
Sampling geometry 
With LAAPPI and LAESI sources, where the IR laser beam was focused to the surface of the sample as 
perpendicular as possible, the optimal distance between the extension capillary inlet and the sampling 
spot (distance x1 in Figure 1) was approximately 4–6 mm. When the distance x1 was decreased below 4 
mm, the ion transfer efficiency into MS began to decrease as a part of the IR ablation plume ended up 
behind the extension capillary inlet. The signal intensities also decreased with excess distance (x1 > 6 
mm) due to the decreased sampling efficiency of the spray. The results indicate that the sampling spot 
should be positioned such that the edge of the IR ablated plume is as close as possible to the extension 
capillary inlet and such positioning likely applies regardless of the sampling geometry. 
The optimal distance between the extension capillary inlet axis and the sample surface (distance z1 in 
Figure 1) for repeatable sampling was approximately 6–8 mm with both techniques. At larger distances 
(z1 > 8 mm), an increased part of the compounds in the expanding ablated plume drifted outside of the 
ionization zone (solvent spray zone) resulting in a further decrease in sensitivity and repeatability. 
Smaller distances (z1 < 6 mm) increased the risk of undesired melting of the frozen sample due to the 
heat emitted by the extension capillary or the APPI sprayer. Thermal or spray desorption was not 
observed at the optimal z1 distances. 
In LAAPPI- and LAESI-MS, the best sensitivity was achieved when the position of the sprayer was on-
axis in relation to the extension capillary and at a distance of 1 mm from the sampling spot (distance x2 
in Figure 1). However, at a distance of 1 mm, the LAESI emitter operated either in pure ESI mode or 
ion spray mode (pneumatically assisted ESI) was prone to adsorption of ablated brain tissue residues 
that slowly accumulated on the ESI emitter tip over time. Such accumulation causes carry-over that 
results in prolonged signal durations and total MSI measurement times. A dwell time of 4–6 s was 
required to avoid all memory effects from one spot with a flow rate of 3.0 µL min-1 (Figure S2). 
Contamination of the ES emitter tip may also ultimately destabilize the electrospray or change the 
direction of the electrospray in long-lasting MSI measurements, which both result in decreased spot-to-
spot repeatability. To avoid these problems, the tip of the ESI emitter should be positioned at a distance 
greater than 1 mm from the sampling spot. However, this results in reduced sensitivity. These problems 
were not observed with LAAPPI, since APPI uses a heated nebulizer. Therefore, the APPI sprayer can 
be positioned at an optimal x2 distance (1 mm) to achieve maximum sensitivity. In LAAPPI, where 
carry-over is negligible, signal durations varied between 0.6–1.2 s (3–6 scans) with a data acquisition 
frequency of 5 Hz. However, the rate of pixel acquisition is currently limited by the developed 
MATLAB-based imaging software as, e.g., the laser triggering process alone takes about 0.8 s. Thus, a 
dwell time of ~3.0 s was used with LAAPPI-MSI as it is currently the shortest feasible. 
Spray formation 
The spray solvent in LAAPPI and LAESI had a significant effect on the detected ions and their 
intensities. In LAAPPI, the ionization mechanism is dependent on the spray solvent used. Similarly, as 
previously reported with APPI,2,3 toluene and chlorobenzene (PhCl) are able to ionize compounds via 
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proton transfer or via charge exchange reactions, whereas only proton transfer reactions are possible 
with acetone. This was demonstrated in the detection of cholesterol in brain samples (Figure S1). Using 
chlorobenzene, cholesterol produced molecular ion at m/z 386 via a charge exchange reaction, 
protonated molecule via proton transfer reaction at m/z 387, and fragments [M–H2O]
+.at m/z 368 and 
[M+H–H2O]
+ at m/z 369. The mass peak at m/z 387 cannot be separated from the first isotope peak at 
m/z 386, but the intensity of m/z 387, is about 38.7% of the intensity of m/z 386, which is larger than the 
theoretical 29.9% calculated for the first isotope mass peak, suggesting that cholesterol is also partly 
ionized by proton transfer reaction producing a relatively weak protonated molecule by LAAPPI-MS. 
Using acetone, the spectrum showed a weak protonated molecule and abundant fragment [M+H–H2O]
+ 
at m/z 369 and no molecular ion was formed. LAESI produced only the fragment ion [M+H–H2O]
+ at 
m/z 369.There was also a significant difference between the sensitivities of LAAPPI- and LAESI-MS, 
as LAAPPI-MS shows almost one order of magnitude higher intensity for the main cholesterol peak (m/z 
369). These results show that non-polar neutral compounds, which may be poorly ionized by ESI or 
where a molecular weight diagnostic ion is not formed, can be efficiently ionized via a charge exchange 
reaction by APPI using PhCl as a spray solvent. In LAESI, the compounds in the ablated plume must be 
first dissolved to charged droplets after which they are ionized similarly as in conventional ESI. To 
ensure dissolution of a large range of compounds, including lipids, an 8:1 MeOH:H2O mixture was 
selected for LAESI-MS. A relatively high concentration of MeOH produced stable electrospray in 
positive and in negative ion modes and enhanced ionization efficiency (and thus sensitivity) as reported 
earlier.4 
 
Figure S1. The effect of ionization technique on the detection of cholesterol measured by LAAPPI- and LAESI-
MS with equal MS settings. 
 
The spray solvent flow rates in LAESI and LAAPI were tested with flow rates of 1–3 µL min-1 and 1–5 
µL min-1, respectively. Increasing the flow rate from 1.0 to 3.0 µL min-1 in LAESI decreased the signal 
durations from over 10 s to 4–6 s when the ES emitter was placed close to the ablation plume to obtain 
the best sensitivity (Figure S2). An increased flow rate enhanced flushing of the emitter tip and formed 
a wider spray to protect the emitter tip from contaminants that could cause a decrease in signal durations. 
The signal heights and thus sensitivity also increased 2–3 fold when the flow rate was increased from 
1.0 to 3.0 µL min-1 (Figure S2). The flow rate, however, also affects the stability of pure electrospray 
and good stability of ESI was achieved with flow rates up to 3.0 µL min-1. Thus, the solvent flow rate of 
3.0 µL min-1 was selected for LAESI-MSI measurements. In LAAPPI-MS, the increase in flow rate from 
1 to 5 µL min-1 had no significant effect on sensitivity with acetone or PhCl. However, higher flow rates 
resulted in somewhat better spot-to-spot repeatability as shown with the smaller standard deviations of 
cholesterol signals (Figure S3). However, an increase in APPI spray solvent flow rate also resulted in 
higher background. 
As LAAPPI-MS utilizes a heated spray, the effect of temperature of the solvent spray on acquired signal 
intensities was tested in the region of 250–550 °C (Figure S4). The temperature of the solvent spray was 
measured at close proximity to the sprayer nozzle, and it was recognized that temperatures between 250–
450 °C had no significant effect on signal intensities. However, signals were decreased at 500 °C, 
possible due to thermal degradation of the compounds. To achieve efficient vaporization of the spray 
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solvent and to avoid possible thermal degradations, a temperature of 350 °C was found to be optimal in 
LAAPPI-MSI. 
Sample thickness and temperature 
The effect of sample thickness on acquired signals was tested with 20-, 40-, and 60-µm thick mouse 
brain tissue sections. When the section thickness increased from 20 to 60 µm, the average total intensities 
acquired by LAAPPI-MS increased about two-fold whereas no such increase in signal intensity was 
observed with LAESI-MS (Figure S5). The observed differences in sensitivities between LAESI and 
LAAPPI with 20-µm and 40-µm tissue sections may be due to the differences in dissolution of the 
ablated tissue projectiles to the spray solvent used. As LAESI-MS with 20-µm sections provided a 
similar sensitivity as thicker sections and contamination of an ES emitter or the MS inlet was less with 
20-µm than with 40-µm sections, 20-µm sections were used in LAESI-MSI. In LAAPPI-MSI 
experiments, there was no contamination of the sprayer even with 40-µm thick sections, which could 
result from the high vapor temperature of 300–500 °C when compared to ES operated at ambient 
temperature. In LAAPPI-MSI, maximum sensitivity can be obtained with 40-µm sections, but 20-µm 
sections could be used to minimize possible contamination of the MS site. 
The IR ablation process is dependent on the sample temperature adjusted by the temperature of the 
Peltier elements at the sample holder. Low temperatures (–20 to –25 °C) were preferred as the diffusion 
rate of metabolites and their enzymatic or chemical reactions in the tissue are decreased at lower 
temperatures. It was also observed that sampling of frozen tissue resulted in a plume consisting of finer 
tissue particles compared to those formed from an unfrozen sample. Ablation of finer particles 
particularly improved sampling repeatability in LAESI-MS experiments as larger tissue particles 
decreased the stability of the spray. Spot-to-spot repeatability was also dependent on the amount of water 
on the sample surface. Therefore, the rate of sublimation and condensation (i.e. formation of ice crystals) 
of water should be in equilibrium to prevent dehydration of sample or accumulation of ice on the sample 
surface during long-lasting MSI experiments. Thus, the sample temperature should be adjusted 
according to the relative humidity within the setup module and the temperatures of the extension 
capillary and the APPI nebulizer in LAAPPI. In LAESI-MSI, when the sample holder and extension 
capillary temperatures were set to –22 °C and 200 °C, respectively, a relative humidity of 3–4 % was 
adjusted with nitrogen in the module, whereas a larger relative humidity of 6–7 % was set in LAAPPI-




Figure S2. The effect of ESI solvent flow rate (1.0 and 3.0 µL min-1) on carry-over in the LAESI-measurement 











Figure S3. The effect of spray solvent (chlorobenzene or acetone) flow rate on the intensity (the mean of eight 
measurements ± standard deviation) of cholesterol detected as [M+H–H2O]





Figure S4. The effect of spray nozzle temperature on the intensities of (the mean of eight measurements ± standard 
deviation) of cholesterol ([M–H2O]
+. at m/z 368.34), γ-aminobutyric acid (GABA) ([M+H]+ at m/z 104.07), and 
phosphatidylethanolamine PE(40:6) ([M+H]+ at m/z 792.55) measured by positive ion LAAPPI-MS with 









Figure S5. The effect of tissue section thickness on the intensities of TIC signals (the mean of eight measurements 




Figure S6. Typical background spectra acquired by positive and negative ion LAAPPI- and LAESI-MS. For 
example, major phthalate peaks at m/z 279.2 and 391.3 are present in both positive ion spectra and acetone and 
its dimer peak are present at m/z 59.0 and 117.1 in the positive ion LAAPPI-MS spectrum. Negative ion LAAPPI-
MS had the largest background at the mass range below m/z 200 due to contamination, whereas the background 
of negative ion LAESI-MS was the lowest of all four methods. 
 
 
Figure S7. Positive ion LAESI-MS mass spectrum showing separated mass peaks of GABA and choline detected 
as [M+H]+ and M+ at m/z 104.07 and 104.10, respectively. The relative abundances of the two mass peaks varies 
depending on the analyzed brain region. The presented spectrum is similar to the one shown previously by Nemes 




Figure S8. Partial total ion current (TIC) traces in (a) and (c) and selected ion traces of glutamic acid (GA) in (b) 
and (d) acquired from mouse brain tissue by positive ion LAAPPI- and LAESI-MS. The average TIC peak 
intensities of LAAPPI- (n = 18) and LAESI-MS (n = 16) were approximately 1.6E6 and 4.3E5 with relative 




Table S1. Proposed identities of brain metabolites and lipids for the main ions detected with mass error < 30 ppm 
by positive and negative ion LAAPPI- and LAESI-MS, mass errors and relative abundances  rated with symbols 
of a star (* < 5%, ** = 5–30%, *** > 30 %). The mass resolution of the instrument was approximately 10000. 
Proposed compound MW 
Detected ions 





positive negative LAAPPI LAESI LAAPPI LAESI 
Alanine 89.048 
– [M–H]- 
– – ** ** 
– -22.7 / 6.8 
Lactic acid 90.032 
– [M–H]- 
– – *** *** 
– -22.5 / 6.9 
Phosphate 97.977 
– [M–H]- 
– – – *** 
– – / 14.4 
GABA  103.063 
[M+H]+ [M–H]- 
* ** ** ** 
3.8 / 13.5 -19.6 / 8.8 
Choline  104.108 
M+ – 
– ** – – 
– / -14.4 – 
Serine 105.043 
– [M–H]- 
* * ** * 
– -19.2 / 6.7 
Threonine / Homoserine 119.058 
– [M–H]- 
* * * * 
– -25.4 / 8.5 
Taurine 125.015 
[M+H]+ [M–H]- 
– * – *** 
– / -7.1 – / 29 
Creatine  131.069 
[M+H]+ [M–H]- 
** *** ** ** 
-6.1 / -6.1 -23.1 / -9.2 
Aspartic acid 133.038 
[M+H]+ [M–H]- 
* ** ** ** 
16.4 / -13.4 -7.6 / -16.7 
Adenine 135.055 
[M+H]+ [M–H]- 
* – ** – 
-5.9 / – -14.9 / – 
Spermidine  145.158 
[M+H]+ – 
* * – – 
-15.1 / 19.2 – 
Glutamine 146.069 
[M+H]+ [M–H]- 
** ** ** ** 
4.1 / -16.3 -6.9 / 21.4 
Glutamic acid 147.053 
[M+H]+ [M–H]- 
** *** *** *** 
4.1 / -16.2 20.5 / 28.1 
N-Acetyl-L-aspartic acid 175.048 
[M+H]+ [M–H]- 
* * ** *** 
4.0 / -18.7 -16.1 / -16.7 
Ascorbic acid 176.032 
– [M–H]- 
– – – *** 
– – / -4.6 
Hexose 180.063 
– [M–H]- 
– – ** * 
– -11.2 / 16.2 
Spermine 203.224 
[M+H]+ – 
** ** – – 
-9.8 / 9.8 – 
L-Aspartyl-4-phosphate 213.004 
[M+H]+ – 
– ** – – 
– / -9.3 – 
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Proposed compound MW 
Detected ions 





positive negative LAAPPI LAESI LAAPPI LAESI 
Adenosine 268.105 
[M+H]+ – 
** ** – – 
11.2 / 7.5 – 
Glutathione 307.084 
[M+H]+ [M–H]- 
– ** – ** 





– * – ** 
– / -5.7 – / -16.1 
Cholesterol 369.352 
[M+H–H2O]+ – 
*** *** – – 
-3.2 / -3.2 – 
PE(P-34:1) 701.536 
[M+H]+ [M–H]- 
** * *** ** 
8.3 / -11.7 -2.4 / -12.4 
SM(d34:1) 702.568 
[M+H]+ – 
– * – – 
– / 5.8 – 
PE(34:0) 719.547 
[M+H]+ [M–H]- 
** * ** ** 
4.4 / -12.2 1.1 / -11.4 
PE(P-36:4) 723.520 
[M+H]+ [M–H]- 
** * *** *** 
-11.9 / -6.3 2.8 / 2.8 
PE(P-36:2) 727.552 
[M+H]+ [M–H]- 
*** * *** *** 
-2.6 / -16.3 2.3 / -1.8 
SM(d36:2) 728.583 
[M+H]+ – 
– * – – 
– / -15.8 – 
PE(P-36:1) 729.567 
[M+H]+ [M–H]- 
*** * *** ** 
6.2 / -4.8 -9.6 / -8.2 
SM(d36:1) 730.599 
[M+H]+ – 
– ** – – 
– / -5.7 – 
PC(32:0) 733.562 
[M+H]+ – 
– *** – – 
– / 0.8 – 
PE(36:4) 739.515 
[M+H]+ [M–H]- 
* * ** ** 
-3.4 / 7.4 2.8 / 1.5 
PE(36:2) 743.547 
[M+H]+ [M–H]- 
* * ** ** 





** * *** *** 
-11.3 / 26.3 -20.0 / -16.0 
PE(P-38:6) 747.520 
[M+H]+ [M–H]- 
* * *** *** 
-20.8 / -14.2 9.4 / -5.4 
PE(P-38:5) 749.536 
[M+H]+ [M–H]- 
** * *** *** 
-4.3 / 9.1 1.7 / -0.9 
PE(P-38:4) 751.552 
[M+H]+ [M–H]- 
** * *** *** 
16.1 / -5.2 2.3 / -13.7 
PE(P-38:2) 755.583 
[M+H]+ [M–H]- 
** * *** ** 
2.4 / -6.9 1.9 / -7.4 
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Proposed compound MW 
Detected ions 





positive negative LAAPPI LAESI LAAPPI LAESI 
SM(d38:1) 758.630 
[M+H]+ – 
– * – – 
– / -12.5 – 
PC(34:1) 759.578 
[M+H]+ – 
– *** – – 
– / 1.2 – 
PE(38:6) 763.515 
[M+H]+ [M–H]- 
** – *** ** 





** * *** *** 
0.3 / -8.8 6.3 / -9.4 
PE(P-40:6) 775.552 
[M+H]+ [M–H]- 
** * *** *** 
6.6 / 2.7 7.4 / -4.3 
PE(P-40:5) 777.567 
[M+H]+ [M–H]- 
** * *** ** 
10.9 / -14.8 -12.9 / -18.0 
PC(36:4) 781.562 
[M+H]+ – 
– ** – – 
– / -18.4 – 
GalCer(d40:2) /  
GalCer(d40:1(OH)) (pos) 
781.643 
[M+H]+ / [M+H–H2O]+ [M–H]- 
*** – ** – 
-6.9 / – 0.8 / – 
GalCer(d40:2) 781.643 
– [M+Cl]- 
– – ** ** 
– 8.5 / -6.1 
GalCer(d40:1) 783.659 
[M+H]+ [M–H]- 
** – ** – 
-2.7 / – -4.5 / – 
GalCer(d40:1) 783.659 
– [M+Cl]- 
– – ** ** 
– -6.9 / 1.6 
PC(36:1) 787.609 
[M+H]+ – 
– ** – – 
– / -10.7 – 
PS(36:1) 789.552 
– [M–H]- 
– – – *** 






** * *** *** 
2.8 / 4.0 8.6 / 18.7 
PE(40:4) 795.578 
[M+H]+ [M–H]- 
** * ** *** 
-1.4 / -5.1 -13.2 / -17.0 
GalCer(d40:2(OH)) 797.638 
[M+H]+ [M–H]- 
** – *** – 
7.0 / – -3.5 / – 
GalCer(d40:1(OH)) 799.654 
[M+H]+ [M–H]- 
*** – *** – 
-3.7 / – 8.1 / – 
PC(38:6) 805.562 
[M+H]+ – 
– ** – – 
– / 5.7 – 
PC(38:4) 809.594 
[M+H]+ – 
– ** – – 




[M+H]+ / [M+H–H2O]+ [M–H]- 
*** – *** – 
-2.8 / – 4.7 / – 
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Proposed compound MW 
Detected ions 





positive negative LAAPPI LAESI LAAPPI LAESI 
GalCer(d42:2) 809.674 
– [M+Cl]- 
– – *** *** 
– 10.3 / 12.6 
PS(38:4) 811.536 
– [M–H]- 
– – – ** 
– – / -3.8 
GalCer(d42:1)* 811.690 
[M+H]+ [M–H]- 
*** – ** – 
2.5 / – -3.5 / – 
GalCer(d42:1) 811.690 
– [M+Cl]- 
– – ** ** 





*** – *** – 
19.1 / – 13.7 / – 
PE(42:7) 817.562 
– [M–H]- 
– – – ** 
– – / -19.5 
PE(42:5) 821.594 
– [M–H]- 
– – – ** 
– – / -23.4 
PE(42:3) 823.609 
– [M–H]- 
– – – ** 
– – / -10.7 
GalCer(d42:2(OH)) 825.669 
[M+H]+ [M–H]- 
*** – *** – 
-14.2 / –  9.6 / –  
GalCer(d42:2(OH)) 825.669 
– [M+Cl]- 
– – – *** 
– – / -7.0 
GalCer(d42:1(OH)) 827.685 
[M+H]+ [M–H]- 
*** – ** – 
0.8 / – 5.1 / – 
GalCer(d42:1(OH)) 827.685 
– [M+Cl]- 
– – – ** 
– – / -3.3 
PS(40:6) 835.536 
– [M–H]- 
– – – *** 




– [M–H]- (/ [M+Cl]-) 
– – ** *** 
– -10.4 / 1.6 
PA(46:1) 842.676 
– [M–H]- 
– – *** – 
– -10.9 / – 
PE(44:2) 855.672 
– [M–H]- 
– – ** ** 
– 6.6 / 3.0 
PI(36:4) 858.526 
– [M–H]- 
– – – ** 
– – / 1.2 
PI(38:5) 884.541 
– [M–H]- 
– – – ** 
– – / -7.5 
PI(38:4) 886.557 
– [M–H]- 
– – – ** 
– – / 4.6 
ST(d42:2) 889.631 
– [M–H]- 
– – – ** 
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